Measuring the minute volume of blood flow through an extremity at rest, or in response to a physiological stimulus, offers a useful means of evaluating the status of its vascular bed. Hewlett and Van Zwaluwenburg (1) used for this purpose a plethysmograph based upon the principle demonstrated by Brodie (2) wherein sudden occlusion of the veins draining the limb produces an increase in limb size, which can be used as a measure of arterial inflow. If a limb is enclosed in a rigid container the increase in volume can be recorded in a variety of ways. Hewlett and Van Zwaluwenburg (3) used air conduction and optical recording; more recently others have used water or water and air conduction with a Brodie bellows, Gad volume recorder, or a piston recorder. Experience has shown us that these latter methods have concealed errors which become apparent when replaced by air conduction and optical recording. These are: (a) errors in calibration due to a non-rigid closure of the open end of the plethysmograph, (b) errors due to involuntary movement of the extremity into and out of the plethysmograph, (c) errors produced by rising intravascular tension secondary to venous obstruction, (d) errors due to the effect of displacement of blood from beneath the collecting cuff. This report concerns itself with a study of these errors, with means of eliminating them, and with a comparison of five procedures commonly used to produce dilatation of the vascular bed in the lower extremity.
APPARATUS
A modification of the Hewlett and Van Zwaluwenburg leg plethysmograph (3) was devised which has the following chief advantages: (a) greater accuracy in calculation of minute blood flow, (b) ease and accuracy of calibration, (c) rigid, air-tight, non-constricting closure of the open end, (d) ease of application.
The plethysmograph (Figure 1 ) is made of cast aluminum, formed like a boot with a capacity of 6,500 cc." It is bivalved on its long axis and, when fitted together about the leg, is closed with a rubber gasket. A thin rubber pad (not shown in drawing) is interposed between the sole of the foot and the boot wall upon which it rests. To keep the air surrounding the limb at a constant and at any desired temperature, the plethysmograph is immersed in a water bath. After immersion, the boot is anchored firmly by a sliding gate, made water-tight with a sponge-rubber gasket ( Figure 1 ). The space between the leg and boot wall at its mouth is filled with fast-setting plaster of paris (Figure 1) . A cardboard ring supported by a ledge in the boot wall prevents the plaster while in its liquid state from falling into the plethysmograph. Before the plaster becomes firm, the leg is moved from side to side to create a 2 mm.
space between the skin and adjacent plaster. When the plaster is firmly set the leg is withdrawn 2 to 3 cm. and melted Unna paste is applied in a thick layer to the skin surface which is to be in contact with the plaster. The leg is quickly returned to its natural position in the boot, the Unna paste ( Figure 1) Sudden obstruction to venous drainage from the limb is accomplished in the conventional manner by a blood pressure cuff (hereafter referred to as the "collecting cuff") 6 cm. in diameter (Figure 1 ) connected to a reservoir containing air at the desired pressure. The moment at which the collecting cuff is inflated is recorded by a Frank segment capsule ( Figure 2 Figure 2X ) to the atmosphere at the time the collecting cuff is inflated. When the timing switch opens one second later, the solenoid is released and a spring mechanism closes the plethysmograph stopcock, thus allowing the volume changes of the limb to be recorded ( Figure  2Y ). Calibration of the plethysmograph is accomplished by injecting or withdrawing a measured volume of fluid through a stopcock ( Figure 1 ) into a small rubber bag within the plethysmograph. This must be done with the extremity in situ and with the arterial inflow completely obstructed by pressure in the collecting cuff.
The natural frequency of the apparatus in situ ranges from 50 to 100 per second over such a range of sensitivity that a 1 cc. increase in the fluid content of the plethysmograph produces a light beam excursion of 2 to 10 cm. at a projection distance of 1.5 For these studies the subject lies upon his back in a Gatch bed with the hip and knee flexed about 350 and the head and shoulders slightly elevated, thus bringing the heart and the extremity being measured approximately to the same level. This position is chosen because it prevents the development of hi-h venous pressure in the limb and is known to be the posit..n best tolerated with comfort over a period of several hours. To obtain standard experimental conditions, the following requirements are observed: (a) severe exercise is prohibited for 24 hours prior to a Atudy, (b) smoking is not allowed within the hour preceding and during a study, (c) unnecessary talking and other disturbing influences are avoided during the observation, (d) studies are begun 3 to 4 hours after the last meal, (e) the subject, clad in trunks, reclines quietly for 45 minutes in a room kept at a constant temperature between 28 and 300 before being studied, (f) a lapse of 30 minutes is allowed after completing the application of the boot plethysmograph before records are taken. This allows the flow of blood to assume a constant level and the heat in the setting plaster and melted Unna paste to dissipate.
METHOD OF CALCULATING BLOOD FLOW
A typical record is shown in Figure 2 . The upper curve denotes respiratory excursions of the chest wall, inspiration being represented as a down stroke. The moment of inflation of the collecting cuff is signalled by the sharp rise (Z) of the second curve. The lower curve (time marker equals .04 seconds) is a 'record of the variations in volume of the limb contained in the plethysmograph. It is noted that with each pulse there is a rapid increase in limb volume (a-b) followed by a small decrease (b-c), after which there is a gradual further increase (c-d). In terms of blood flow each pulse shows an initial large inflow followed by a small outflow which in turn is followed by a gradual inflow of blood. Actually each pulse (Figure 2 , a-d) represents a net inflow of arterial blood. That portion of the cycle (b-c) representing outflow merits more detailed discussion later.
It is apparent from these variations during a single pulse that the net inflow (a single complete cycle) is the smallest unit that can be used for measuring blood flow. Methods using the gradient of any portion of a cycle for calculating blood flow are distinctly in error. As the curve rises, each successive beat forces a smaller net volume of blood into the leg because of rising venous resistance. In this curve ( Figure 2 ) the net flow per successive beat is 2.0, 1.75, 1.6, 1.4 cc. This fact introduces an error in all procedures using the volume of several successive beats to calculate minute blood flow. To avoid the error introduced by a rising venous resistance, the first complete cycle following inflation of the collecting cuff should be used as the unit most nearly representing true arterial inflow. Use of this cycle, however, is complicated by the fact that the collecting cuff as it is inflated squeezes an appreciable volume of blood from the vessels underlying it into the tissues contained in the plethysmograph The effect of the displaced blood on the limb volume cannot be differentiated by the plethysmograph from the effect of normal arterial inflow. Optical recording methods also show that this effect cannot be avoided by varying the size or distances of the collecting cuff from the plethysmograph as has been supposed by 275 investigators using less sensitive, low frequency apparatus. Since this action of the collecting cuff cannot be prevented, the first cycle following the termination of its effect becomes the earliest available cycle for measuring blood flow. The time required to complete the displacement of blood from beneath the collecting cuff is determined by completely occluding the arterial inflow to the leg with an inflated cuff on the mid-thigh and then inflating the collecting cuff in its usual position with a pressure of 80 mm. of mercury. The increase in limb volume within the plethysmograph (Figure 3, A-B sulting from displacement of fluid by the collecting cuff, even when of large magnitude, never requires more than 1.2 seconds. Consequently, the undesirable effect of the collecting cuff can be circumvented by measuring the increase in limb volume for one pulse cycle beginning at a point (Figure 2-A) 1.6 seconds after inflating the collecting cuff, regardless of the place in the cycle at which this point falls. In order to nullify the error that might be introduced by a sinus arrhythmia, the duration of this cycle (Figure 2, A-B (Figure 2 , X-Y) by the simple expedient of having the plethysmograph open to the atmosphere during the time this event occurs. This is accomplished by the apparatus described earlier.
In addition to errors resulting from inadequate apparatus, imperfections in technique may be introduced by variations in the individual being studied. Observations show that records taken more frequently than every 2 minutes result in progressively smaller blood flows. Apparently sufficient time (2 minutes) must be allowed after each test for the accumulated blood to leave the tissues in order to restore normal dynamic conditions. It scarcely seems necessary to point out the absolute necessity of blood pressure observations for interpreting variations in blood flow. Nevertheless there is a conspicuous absence of such data in published reports concerning this subject. Table II shows the influence of blood pressure change upon the blood flow in the foot. It is apparent also from the contour of the phasic flow that if the heart rate is increased, even though there be no change in systolic or diastolic pressure, there may be an increase in the peripheral blood flow since it is the latter part of the cycle that is shortened. The arterial backflow
The record shown in Figure 2 reveals a brief reduction in limb size, b-c, which is due to an outflow of blood occurring in the presence of a pressure of 80 mm. of mercury in the collecting cuff. The only channels by which blood can leave are the superficial and deep veins of the leg, the bone canals and the arteries. Escape via the veins under the inflated collecting cuff is excluded by a priori considerations and also by the fact that it occurs during the first beat after inflating the cuff, i.e., at a time when the pressure in the veins cannot conceivably overcome that produced by the collecting cuff. Furthermore, it varies greatly in magnitude in different individuals and in the same individual under varying conditions; in fact, it may be entirely absent.
Outflow of blood via vessels of the bones in the foot and leg is not plausible since these vessels join more superficial veins before they reach the collecting cuff. We agree with Hewlett and Van Zwaluwenburg (3) that by exclusion, the only conclusion tenable is that the reduction in limb size (Figure 2 , b-c) represents arterial backflow. We believe it to be a phenomenon normally present in unimpeded blood flow in the extremities.
The forces responsible for arterial backflow arise in the following manner: The discharge of blood from the left ventricle into the aorta initiates a pressure wave which is rapidly propagated along the aorta and into its branches. This pressure wave accelerates the flow of blood in the regions through which it travels, producing a wave of accelerated blood flow. Upon reaching the terminal portions of the arterial tree, the momentum of this accelerated column of blood for a brief period forces more blood into the small arteries and arterioles than can flow from them into the capillaries. Consequently, for a moment blood accumulates -in the distal end of the arterial tree. As the blood accumulates, it also decelerates and a portion of its energy of flow is converted into energy of lateral pressure. As a result, the pressure of the accumulated blood in the small arteries for a brief moment exceeds that of the blood in the larger arteries, and arterial backflow occurs.
The pressure relationships necessary to produce this arterial backflow have been found to exist in the limb of the dog by Hamilton and Dow (4) and in the lower extremity of the human by Hamilton, Woodbury and Harper (5). The demonstration of backflow in arteries as far distal as those of the foot requires that these vessels must be included in the oscillating arterial system, the reflected waves (not only pressure, but also actual fluid displacement) from which influence the contour of the arterial pulse in all segments proximally located. This view has previously been suggested by Hamilton (4) on the basis of arterial pressure measurements. Figure 4 shows the phasic flow of blood at rest (A) and after the application of local heat (K). The backflow (B-C) present normally is abolished (D-E), presumably due to dilatation of the arterioles and a consequent lessening of blood accumulation in the small arteries with each heart beat. Figure 5 shows the phasic and net arterial blood flow of the foot before (H) and after (I) inhalation of amyl nitrite and before (J) and after (K) sacral diathermy. Each of these procedures results in an increase of the initial inflow phase (A-B), and an increase in the arterial backflow phase (B-C), with a reduction in the net arterial inflow (D-E). In spite of an increase in heart rate, the minute flow is reduced in each instance. Because of the increase in the initial arterial inflow phase (A-B), an oscillometer record of these two observations would be erroneously interpreted as demonstrating an increase in net arterial blood flow. Hewlett and Van Zwaluwenburg (3) called attention to this same error in volume pulse recorders (oscillometers) in 1913. We raise the point again to emphasize an important observation which has been overlooked or forgotten by numerous investigators.
Resting blood flow studies When the foot and leg are exposed to a temperature of 450 C. for 30 minutes extraneous influences on the minute volume of blood flow are minimized. Table I shows that under these conditions the minute volume of blood flow does not deviate more than 6 per cent from the mean. A glance at the resting values for blood flows in Tables III, IV 
Minute blood flow in response to vasodilating procedures
The response of the peripheral vascular bed to vasodilating procedures frequently furnishes valuable clinical information regarding their capacity for further dilatation. We have compared the effect of five such procedures in normal healthy young men and have studied the constancy of the reaction of the one producing the maximum vasodilatation. The methods studied are: (a) heat reflex method of Gibbon and Landis (6), (b) sciatic nerve block (7), (c) spinal anesthesia (8), In the 5 subjects studied, our observations show that local heat and sciatic nerve block, when applied separately, yield the same blood flow response per individual within narrow limits, providing the conditions under which the measurements are done are comparable.
If local heat is to be used as the stimulating agent, the constancy of its response must be known. A series of studies on the same individual (Table VIII) shows that, under non-basal conditions after a day of ordinary activity, the response to local heating is fairly constant. This equality of response, however, is conditioned by one very important observation, as shown in Table  VIII . The same subject was studied on 2 days under strictly basal conditions and on the third day under basal conditions so far as activity was concerned, but following the ingestion of a light meal. On all 3 days the response to local heat was in very close agreement but of significantly less magnitude than after a day of muscular activity. Apparently, muscular activity conditions the response of the peripheral vascular bed to the stimulus of local heat. Studies made upon the same individual on different days for comparative purposes must take this into account. It is preferable to do all measurements under strictly basal conditions.
DISCUSSION OF RESULTS OF DILATING PROCEDURES
We conclude that local heat for 30 to 45 minutes at 450 C. can be substituted to advantage for the somewhat more formidable procedure of sciatic nerve block to produce maximal peripheral vascular dilatation, at least in normal individuals. The application of this conclusion to diseased vascular beds remains to be tested. It is conceivable that vessels which are damaged or under the control of an abnormal autonomic nervous system may not have the same response to local heat as those in normal individuals. We also noted that the blood pressure and heart rate fluctuate more in response to local heat than to sciatic nerve block.
Our results with spinal anesthesia appear to be at variance with those of Morton and Scott would not be suitable agents for studying diseased vascular beds. Moreover, the blood pressure and heart rate changes accompanying exercise and the difficulty of controlling the amount and rate of work done would seriously complicate the interpretation of the results obtained. (8) and of Brill and Lawrence (9) who report an increase in blood flow in the foot under similar conditions of spinal anesthesia. An elevation of foot skin temperature was used by them as a measure of increase in blood flow. A possible explanation of our differences might be found in the fact that their subjects were studied in a room with a temperature much lower than ours so that the blood flow of their subjects would be expected to be much less than that of our subjects at the beginning of the experiment. In fact, the skin temperature of our subjects was 31 to 320 C. on the dorsum of the foot at the beginning of our experiments, a skin temperature virtually equal to that obtained in the subjects of Morton and Scott (8) after spinal anesthesia. For this reason, it appears possible that our subjects at rest before spinal anesthesia had blood flows essentially as great as the subjects of Morton and Scott after spinal anesthesia. Such evidence implies that spinal anesthesia does not give complete vasomotor nerve block. This implication finds support in the fact that reflex heat produces an increase in blood flow in the presence of complete skeletal motor and sensory anesthesia. Since spinal anesthesia does not produce an increase in blood flow equal to that resulting from sciatic nerve block, and since reflex heat is effective in the presence of spinal anesthesia, it is reasonable to assume that at least a part of the fibers mediating vasomotor impulses to the lower extremity is intact in its presence. Of the various explanations that might be offered for this situation, none have sufficient experimental evidence supporting them to warrant their exposition.
In regard to the use of skin temperatures as a means of studying variations in blood flow, two observations merit attention. We have measured the blood flow in many subjects with skin temperatures of 32 to 330 C., finding values of only 2 cc. per 100 cc. per minute. In other words, a relatively small blood flow will sometimes maintain a normal skin temperature. Also, 1 subject having a foot skin temperature of 350 C. with a blood flow of 3 cc. per 100 cc. per minute, showed a further rise of only 10 C. (to 360 C.) when the blood flow increased to 10.0 cc. per 100 cc. per minute following sciatic nerve block. These observations suggest that skin temperature deter-281
